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Abstract 

If both Alice and Bob have access to a two-qubit "background state" 
then, by simulating Everett's many worlds interpretation of measurement, 
Alice can teleport a qubit to Bob, each using fixed unitaries. The Everett 
picture unifies unitaries, measurements, and classical communication into 
just unitaries, provided there are background states shared by all parties. 
We review some of the literature on this theme and point out an additional 
fact: If Bob has access to only one of the background qubits, teleportation 
is still possible by Alice sending Bob one classical bit of information gained 
from a measurement of the other qubit. 

1 Introduction 

The usual description of quantum-state teleportation is given within the Copen- 
hagen interpretation of quantum mechanics, and so involves projection mea- 
surements and classical communication. However, by now there are many ver- 
sions of quantum mechanics without a separate measurement process. These 
include Bohmian mechanicsp], the consistent histories approach '2 . Everett's 
many worlds [3J, its variant "many minds" [J], and any number of decoherence 
theories 0. One can ask how teleportation proceeds in these alternate for- 
malisms. This should not only give new conceptual perspectives on what has 
been dubbed "quantum information" but may also provide new mathemati- 
cal tools to deal with quantum-state processing. Not surprising, this theme has 
been taken up by various authors [6], \7\ \8\ \9\ ITt fl TT | \12 \ H3 l fT4] . but the existence 
of this literature seems to be largely unknowns and it's lessons unappreciated. 

We feel that both of the above mentioned benefits happen in the Everett 
version. There is a trade-off between quantum and classical communication, 
and the various types of actions of the parties get a unified description. 

We shall first present an Everett description of teleportation based on the 
usual incorporation into unitary dynamics of the von Neumann measurement 
paradigm, and follow this by some remarks on the cited literature. 
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2 The Everett teleport 



Recall first the usual teleportation protocol. Alice has an unknown qubit <j> u = 
a | 0) u + (3 | l) u which she wants to send to Bob. We use subscripts on kets to 
also label the Hilbert spaces to which they belong. Thus <f> u e TL U . Each one of 
the parties also has one of a pair of entangled qubits in the state 

A=|0)J0> 6 +|1)J1> 6 . 

Here and below, states are not assumed to be normalized. 

In the usual teleportation scheme, Alice measures her pair of qubits in the 
Bell basis: 

1>xv = \x)\y) + {-l) v \x + \)\y+\) 

where x, y are qubit indices, that is or 1, and all sums are modulo 2. Using 
two classical bits (c-bits) Alice now sends Bob the result of her measurement, 
say the two numbers x and y if the measurement projected her pair of qubits 
onto ip X y. Bob then applies the unitary transformation 

\ Z ) b „(-l)v(*+l)\ Z + X + y) b (1) 

to his partner of A, which is now disentangled from the rest, producing the state 
d>b = a \ 0) 6 + j3 | l) b , and exact replica of <j) u . 

Recall now the von Neumann description of a measurement process. For 
simplicity assume all Hilbert spaces finite dimensional. We have a system S de- 
scribed by vectors in a Hilbert space Hs and we wish to measure an observable 
A with non-degenerate eigenbasis \i) s , i= 1, • • • , N. We also have a measuring 
apparatus that corresponds to the above observable and which is described by 
vectors in a Hilbert space Ha with a set of "pointer states" | i) A i — 1, . . . , N. 
We assume that 1 1) A is also the initial state of the apparatus before any mea- 
surement takes place. The measurement process then is described by a unitary 
transformation U for which 

U:\i) s \l) A ~\i) s \i) A 

holds. In other words, the pointer points to i if the state of the system is in 
\i)g. Of course, since U is linear one has for a superposition of eigenstates of 
the system: 

(£*|i> s )|l>A"£*l*> 5 |i>A- 

The right hand side is a an entangles state of system and apparatus without 
well defined pointer positions. Since we don't experience this in practice, we have 
the by now much vented "measurement problem" for which there are countless 
solution proposals. In the Everett scheme the right hand side corresponds to 
multiple worlds, one for each term with Cj =/= 0, into which the world has split 
and in each one of which a definite pointer position is perceived by observers. 
We do not argue for this ontology, but proceed with the mathematical analysis. 
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Thus we now model Alice's measuring apparatus by a two-qubit Hilbert space 
He = H c ® Hd with basis | xy) E — \ x) c \ y) d which are the "pointer positions" 
for the Bell basis. We use | 00) E as the initial state. Alice's measurement process 
is then described by a unitary which satisfies 

U : | 00) E <8> ip xy h-> | xy) E ® ip xy 

and which can be extended to the twelve-dimensional orthogonal complement 
in an arbitrary fashion. 

We further assume that Alice and Bob both have access to He, which is to 
be considered a common "background system" . 

The result of applying U, acting on the subproduct He <8> H u ® H a , to 
I 0) c | 0) d ® <t>u ® A is: 

00) E ® Voo ®{a\0) b + (3\ 1} J + | 0l) E ® Voi ® {« 1 1> 6 - 1 °) J + 
1 10) E ® Vio ®{a|l) t + /3| 0)J + 1 ® ^ii ® {-« 1 0} 6 + /J \ 1)J. (2) 

Bob now performs a tripartite unitary operation V acting on HE®Hb defined 

by 

V : | xy) E | z) b ^ | | z + z + y) b . 

Compare with ([T]). The result of VU applied to the initial state is 

xy Vb 
\ xy / 

where 4>b — a \ 0) b + (3 1 1), . In other words Bob gets an exact copy of Alice's 
state (j> u disentangled from the rest. 

We have thus succeeded in teleporting a qubit using two fixed unitaries, pro- 
vided both parties have access to a background state which performs the role of 
measurement and classical communication. From the practical side, this is ar- 
guably no progress at all, for if Alice and Bob are far apart, no such background 
states are available. Conceptually and mathematically we have succeeded in 
unifying all the allowed actions of the parties, unitary transformations, mea- 
surement, and classical communication. They are all implemented by unitary 
transformations in an Everett universe. The teleportation act described above 
can be thought of as happening within an "Everett bubble" in an otherwise 
Copenhagen universe. The entangled state A and the initial neutral state of the 
"instrument", | 00) E , should be considered to be prepared in the usual Copen- 
hagen way through measurement. The state <pb that Bob finally has can again 
be thought of as entering a Copenhagen universe, as it is totally disentangled 
from everything in the "bubble" . 

The boundary between the "bubble" and the surrounding Copenhagen uni- 
verse is somewhat flexible. We have succeeded above in substituting classical 
communication of two c-bits by a sharing of two qubits of the environment. 
If Bob has access to only one of these qubits, say the one in H c he can still 
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make use of this since Alice can now sends him one c-bit of information gath- 
ered from the qubit to which Bob has no access and again teleport <j> u to Bob. 
This half-classical-half-quantum communication can take place in two possible 
orders, first Alice acts then Bob, or vice versa. Let thus Alice first perform 
a measurement on state ^ of the qubit in H c using the basis 0} , 1 1) with 
outcomes and 1 respectively. Denote Alice's outcome by z. The resulting 
projected state is the first line of expression (|2|) if the outcome is and is the 
second line if it is 1. Alice now transmits the result of her measurement (one 
c-bit's worth) to Bob. Depending on z, Bob applies the following unitary on 

n d ®n b 

W z :\x) d \ y) b i * (-l)*^ 1 ) | x) d | x + y + z) b 
which results in a final state 

{\zQ) E ®i) z0 + \zl) E 2>i) z i}®<i>b- (3) 

Thus in the end, for both values of z, Bob holds a qubit disentangled from the 
rest which is a duplicate of Alice's qubit <j> u . 

Consider now the opposite order. Bob now applies Wo to state © which 
results in 

{| 00) E <8> Voo + I 01) B <g> Voi} ®{a\Q) b + (3\ 1) J + 

{| 10} B ®ip w + \ 11) E ® M ®{a\l) b + /3\ 0) J. (4) 

Alice now measures the qubit in Ti c as before. If the result is 0, the projected 
state is the first line in expression Q and if it is 1, it's the second line. As before, 
Alice send her result z to Bob who acts with the unitary | x) b i— ► | x + z) b in W&. 
Again, for both cases of z, the final state is ([3]), and so there's a state fa in TL b 
disentangled from the rest which is a perfect copy of Alice's <f> u . 

One sees here a satisfying equivalence between the use of one qubit in the 
"Everett bubble" and one c-bit in the Copenhagen exterior. 

The Everett interpretation still raises many conceptual issues but one can 
be assured of its mathematical consistency. It is then plausible that many, if 
not all, instances of quantum state processing utilizing unitaries, measurements 
and classical communication can be equivalently described solely by unitaries in 
appropriate "Everett bubbles" by introducing universally available "background 
states" . This also accords with the view that there really is no classical regime 
and everything is truly quantum. Classicity would be an emergent appearance 
and all processes would in the end be implemented by unitaries provided enough 
quantum degrees of freedom are included in the description. 

3 Remarks 

We now briefly describe the cited literature. Our aim is not to give a critical 
analysis of the content, but only to provide some introductory comments for the 
interested reader. 
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Teleportation with just unitaries is described in many of the references. Bras- 
sard et al. [6] presents it in terms of quantum computation primitives, CNOT 
and Hadamard gates to be precise. Mermin [TU] describes essentially the same 
quantum circuit. His aim however is to show how such a circuit could be ex- 
tracted in a transparent way from a classical teleportation circuit and also gen- 
eralized to q-dit systems. Timpson in Appendix B of his paper [T^] presents 
a scheme which, except for differences of notation, is identical to the one pre- 
sented here. He also discusses in greater detail and in philosophical terms how 
teleportation works from the Everett and the Bohmian points of view. In this 
discussion classical communication is not explicitly treated in terms of the un- 
derlying processes (unitary evolution and Bohmian trajectories respectively) of 
the two interpretations, however the author's intent is that they be so undcr- 
stoocjfl, and in fact the scheme in his Appendix B does subsume communication 
into unitaries. Joos |J)j also presents a scheme in essence identical to the one 
here. 

Deutsch and Hayden [5] present a "Heisenberg picture" version of telepor- 
tation. Such a picture, introduced by Gottesman [TS], may be viewed as a new 
measurement-less interpretation of the quantum formalism. The authors' aim 
is to argue for "locality of quantum information" . A critical appraisal of this 
argument is provided by Timpson [TTj . 

Lev Vaidman [T3] argues that the Everett interpretation removes some of 
the paradoxical aspects of both interaction-free measurements |16] and telepor- 
tation. Concerning teleportation this can be summed up in the quote "the 
teleportation procedure does not move the quantum state: the state was, in 
some sense, in the remote location from the beginning". Joos [9j quotes the 
same passage, stating that this may well be a proper characterization of the 
teleportation situation. This is also in accord with our own view that entangle- 
ment is unlikely a "channel for information flow" as is often stated, but, along 
with classical information, defines conditions for quantum state availability [17] . 

Zeh Q3] also argues, from a general decoherence perspective, for a similar 
view: the nonlocal entangled state is such that it "contains, in one of its compo- 
nents, precisely what is later claimed to be ported already at its final position" . 

We see from all these works that looking at teleportation from various inter- 
pretational perspectives has certainly enriched our understanding of quantum 
phenomena and structures. There could also be technical benefits: the unify- 
ing power of the Everett interpretation, using just unitaries, could in principle 
provide considerable simplification in mathematical analyses of quantum-state 
processing. This is certainly worth investigating. 
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